Background: The aging rate in Taiwan is the second highest in the world. As the population ages quickly, the prevalence of dementia increases rapidly. There are some studies that have explored the association between air pollution and cognitive decline, but the association between air pollution and dementia has not been directly evaluated.
Introduction
Every 4 seconds a new dementia case occurs around the world, and the number of dementia cases doubles every 20 years [1] . In the United States, Alzheimer's disease (AD) is the leading type of dementia, and it was ranked the fifth leading cause of death in the elderly in 2010 [2] .
From 1999 to 2004, the mortality rate of AD increased by 31% [3] , which might also be a result of improved reporting. In Taiwan, the prevalence of dementia was 8.04% in the elderly (age 65 years) based on a recent National Survey in 2011 to 2012 [4] . As the aging rate increases rapidly worldwide, dementia has become an important health issue in the elderly.
Several factors have been related to dementia risk, for example, age, sex, education, apolipoprotein E (APOE) 34 status, lifestyle, and environment factors [5] . Environmental factors may play an important role in dementia; however, studies are sparse because of its wide spectrum and difficulty in objectively assessing the cumulative exposure of environmental exposure. The exhaust from motor vehicles is the major source of air pollution in Taiwan [6] and has been associated with respiratory and cardiovascular diseases [7] . Particulate matter ,10 mm in diameter (PM 10 ) and ozone are especially important as they are the major pollutants for estimating the index of polluted alert region, that is, Pollutants Standard Index, in Taiwan [8, 9] . PM 10 refers to solid and liquid particles composed by mixed compound of chemicals and suspends in the air [10] . Animal studies indicated that PM can be transferred from the upper respiratory tract to the brain, leading to brain inflammation-an important pathological evidence of dementia [11, 12] . Ozone is a strong oxidizing agent formed in the troposphere from a series of complex reactions via sunlight on nitrogen dioxide from the exhaust. In rat's hippocampus, exposure to ozone causes oxidative stress and the subsequent progressive neurodegeneration [13] ; this seems analogous to that observed in AD patients.
Some studies have explored the relationship between the long-term exposure to traffic-related air pollutants and impaired cognitive function in the elderly [14] [15] [16] [17] [18] . These studies found that PM or black carbon (BC) was related to cognitive impairment/decline (PM 10 : [15] , PM 2.5-10 : [17] , PM 2.5 : [17, 18] , BC: [16] ). Similarly, ozone exposure was also related to lower cognitive function [14, 18] . However, without considering the effects of air pollutants, only 1.6% to 6.8% people in the community and 1.9% to 9.6% people in the clinic with cognitive impairment progress to dementia annually [19] . Therefore, it is important to clarify the role of air pollutants on dementia occurrence, and studies evaluating this association are lacking.
Long-term exposure to PM 10 or to ozone on dementia risk remains unclear. Therefore, this study aimed to explore this association over an average duration of 13 years. Because APOE 34 status and gender are important confounding factors for dementia risk, this study further evaluated how they modified this association. A powerful and new statistical approach, Bayesian maximum entropy (BME), which simultaneously considers spatial and temporal estimation with soft data, was used to estimate the long-term exposure to air pollutants.
Method

Study population
This case-control study recruited 483 dementia cases from the neurology clinics of three teaching hospitals in northern Taiwan between 2007 and 2010. Healthy controls (n 5 565) were recruited from the elderly health check-up program and volunteers of the hospital during the same time period. All participants were aged 60 years. Participants with any of the following conditions were excluded: depression, Parkinson's disease, hemorrhagic stroke, cerebral infarction, brain tumor, or dementia subtypes other than AD or vascular dementia (VaD). Participants without blood sample and those who resided outside the TaipeiKeelung metropolitan area were also excluded. After exclusion, 249 AD patients, 125 VaD patients, and 497 controls were included for data analysis. This study was approved by the Institutional Review Boards of National Taiwan University Hospital, En Chu Kong Hospital, and Cardinal Tien's Hospital. Written informed consent was obtained from all participants. For patients with serious cognitive impairment, their consent was obtained from the legal guardian/next of kin/caregiver, who also helped with the verification of information collected from the questionnaire.
A self-reported questionnaire was administered to collect information on demography, vascular risk factors (hypertension, type 2 diabetes mellitus [DM], and hyperlipidemia, and body mass index [BMI] at age 40s), lifestyle, and family history of diseases. A blood sample was collected in tubes containing sodium ethylenediamine tetraacetic acid from each participant. After centrifugation, genomic DNA was extracted from buffy coat by using QuickGene-Mini80 system (Fujifilm, Tokyo, Japan) and stored at 280 C.
Evaluation of AD and VaD
At each hospital, one neurologist performed the clinical examination to screen potential dementia cases. MiniMental State Examination was used to assess their cognitive function. The diagnosis of dementia was evaluated by Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) criteria [20] . Head magnetic resonance imaging (about 90% of dementia cases) and computed tomography (about 10% of dementia cases) were performed to exclude participants with organic lesions. Diagnosis of probable (typical AD presentation) AD was based on the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association Alzheimer's Criteria [21] . Diagnosis of VaD was made according to the National Institute of Neurological Disorders and Stroke-Association Internationale pour la Recherche et l'Enseignement en Neurosciences criteria [22] . Because of different etiology between large and small vessel dementia, only VaD patients with small vessel-related stroke (e.g., lacunar infarction and leukoaraiosis) were recruited. Controls with a completely independent activity of daily living and instrumental activity of daily living were assessed by Short Portable Mental Status Questionnaire [23] to exclude participants with possible cognitive impairment and other mental disorders.
Exposure assessment
Ambient monitoring data of PM 10 and ozone were obtained from Taipei-Keelung metropolitan area including 24 monitoring stations from the Department of Taiwan Air Quality Monitoring Network, Environmental Protection Administration (EPA) [8] between 1993 and 2006. BME method was used to estimate the spatiotemporal distribution of PM 10 and ozone concentration [24] . Because the elderly tend to live at the same place after they retired (the average retirement age was 54.8 in 2005), we assume that the residential place corresponded to the estimated spatiotemporal distribution for each individual. Exposures of 12-year PM 10 and 14-year ozone were estimated because these were the longest exposure data of these two pollutants that we can retrieve from Taiwan EPA. The duration of each pollutant is restricted to the data available. The annual average exposures of PM 10 and ozone were all below the ambient air quality standard in Taiwan (Supplementary Material). For analysis using multiple regression, the estimated mean annual exposures to PM 10 and ozone levels were tertiled into the lowest tertile (T1: PM 10 
Spatial estimation
BME is an epistemic framework, which distinguishes the general and specific knowledge of the spatiotemporal processes and generates the more informative spatiotemporal maps for the variables of interest compared with land-use regression model [25] . The details of BME method and its applications can be referred to previous publications [26] [27] [28] .
The process of spatiotemporal air pollutants can be characterized by spatiotemporal trend and covariance. Nested spatiotemporal covariance models were used to characterize the spatiotemporal dependence of the air pollutants to reveal the spatiotemporal processes at different space-time scales [27, 29] . To account for the impact of air pollutants to AD occurrence, BME method generated the annual cumulative level of PM 10 and ozone at the corresponding residential place for each participant between 1993 and 2006 for further analysis. SEKS-GUI v.1.0.0 package was used for BME analysis [30, 31] .
Statistical analysis
After stepwise model selection (Slentry 5 0.15, Slstay 5 0.15), selected variables and those with biological importance were adjusted in the models as potential confounders. For AD, the following variables were adjusted in the model: age, gender, APOE 34 status, PM 10 level, ozone level, education years, and BMI. For VaD, the following variables were adjusted: age, gender, APOE 34 status, PM 10 level, ozone level, education years, and alcohol consumption. To control for the confounding effect of age, study participants were stratified by 5-year age interval and compared cases and controls within each stratum in the multivariable analysis. Age was adjusted in all multivariable regression models to control for residual confounding due to age variation within each age stratum. Conditional logistic regression models were used to estimate adjusted odds ratios (AORs) and 95% confidence intervals (CIs) between the association of PM 10 and ozone exposure with AD and VaD risk.
Because APOE 34 and female gender are important risk factors for late-onset AD, we also performed a stratification analysis to evaluate how they modified the association between air pollutants and the risk of AD or VaD, respectively. The likelihood ratio test was used to assess the interactions by comparing a model with terms for main effects and interaction terms to the model with terms for main effects only. Cochran-Armitage trend test was performed to assess if there is a dose-response relationship between air pollutants (PM 10 and ozone) and dementia risk. SAS version 9.3 (SAS Institute, Cary, NC) was used for statistical analyses. All statistical tests were two sided.
Results
Characteristics of the study population
This study included 249 AD cases, 125 VaD cases, and 497 controls. Compared with controls, AD cases were older (79.1 vs. 72.9 years), had a higher BMI at age 40s (24.0 vs. 22.8 kg/m 2 ), included more women (66% vs. 52%), had a lower education level (6 years: 48% vs. 12%), more had type 2 DM (18% vs. 13%), fewer had the history of hypertension (40% and 54%) and hyperlipidemia (21% vs. 30%), and more were APOE 34 carriers (41% vs. 15%, Table 1 ). The smoking status, alcohol consumption, and the history of cardiovascular disease were similar between the AD cases and controls.
As compared with controls, VaD cases were older (79.9 vs. 72.9 years), had a lower education level (6 years: 56% vs. 12%), more were ever smokers (32% vs. 17%), more reported alcohol consumption (18% vs. 10%), and more had a history of type 2 diabetes mellitus (DM) (30% vs. 13%) and hypertension (66% vs. 54%, Table 1 ). There were no significant differences in BMI, gender, the history of hyperlipidemia and cardiovascular disease, and APOE 34 carriers between the VaD cases and controls.
Spatial and temporal distribution of PM 10 and ozone
The spatial and temporal covariance models (Fig. 1) were used in BME framework, respectively. As the spatial and time lag increased, the spatial and temporal covariance both became smaller. Sills of both spatial and temporal covariance models were larger for ozone than those for PM 10 .
The averaged spatial distribution was different between PM 10 and ozone, as shown in Fig. 2 . Elevated PM 10 was located in the middle Taipei city and Linkou Industrial Park as a result of traffic and industrial emission ( Fig. 2A) . In contrast, average ozone concentration was elevated in areas near Yangmingshan National Park and Linkou Thermal Power Plant (Fig. 2B) .
Association of PM 10 and ozone with dementia risk
The highest tertile of PM 10 exposure was significantly associated with increased AD risk (highest vs. lowest tertile: AOR 5 4.17, 95% CI 5 2.31-7.54, Table 2 ). Increased risk was also observed for those with ozone exposure (highest vs. lowest tertile: AOR 5 2.00, 95% CI 5 1.14-3.50). Similar results were observed for VaD (highest vs. lowest tertile of PM 10 : AOR 5 3.61, 95% CI 5 1.67-7.81; highest vs. lowest tertile of ozone: AOR 5 2.09, 95% CI 5 1.01-4.33). Linear trend (P trend , .05) was found in both PM 10 and ozone for AD and VaD. Medium-level PM 10 or ozone exposure was not associated with AD or VaD risk.
Effect modification by APOE 34 status
No significant interaction was found between APOE 34 status and PM 10 exposure for AD risk (P interaction . .05, Table 3 ). Significant association was found in some subgroups after stratification by APOE 34 status. The highest tertile of PM 10 NOTE. Chi-square tests (for categorical variables), Mann-Whitney Utests, and t tests (for nonnormally and normally distributed continuous variables) to compare the distribution between cases (AD or VaD) and controls. *P , .05 indicating statistical significance (and in bold). noncarriers (highest vs. lowest tertile: AOR 5 2.60, 95% CI 5 1.12-6.02). No significant association was observed in other subgroups.
Effect modification by gender
Interaction between gender and PM 10 exposure did not reach statistical significance for AD or VaD risk (P trend . .05, Table 4 ). After stratification by gender, significant association was found in some subgroups. The highest tertile of PM 10 exposure was significantly associated with increased AD risk in men (highest vs. lowest tertile: AOR 5 4.50, 95% CI 5 1.85-10.95) and in women (highest vs. lowest tertile: AOR 5 3.75 95% CI 5 1.60-8.81, Table 4 ). Results were not significant for ozone exposure and AD risk.
No significant interaction was found between gender and PM 10 or ozone exposure for VaD risk (P trend . .05, Table 4 ). Significant increased VaD risk was observed only in men exposed to the highest tertile of PM 10 (highest vs. lowest tertile: AOR 5 3.46, 95% CI 5 1.11-10.78). No significant association was found between ozone exposure and VaD risk after stratified by gender.
Discussion
Previous reports have linked exposure to traffic-related PM [14, 15, 17, 18] and BC [16] to cognitive decline in the elderly. However, only a small portion of cognitively impaired elderly progress to dementia [19] ; therefore, studies on cognitive impairment have been unable to fully explain the association between exposure to air pollutants and dementia risk. To the best of our knowledge, this is the first case-control study which assessed the association between longitudinal air pollution (PM 10 and ozone) exposure with clinically diagnosed dementia (AD and VaD). We found that the elevated long-term PM 10 level was significantly associated with an increased risk of AD and VaD in the elderly. Animal studies have shown that air pollutants may go to olfactory bulb and trigger inflammation response in the brain [28, 32] as a result of the accumulation of amyloid-b (Ab) 42. Ab 42, an important early biomarker of AD, has been related to inflammation response in the brain [33] and the subsequent dysfunction of blood-brain barrier, neural degeneration, cerebrovascular pathologic signs, and apoptosis in glial cells [12] . Therefore, longterm PM 10 exposure increased AD risk may be explained Table 2 The association between air pollutants (PM 10 by the inflammation response. Similarly, the highest tertile of ozone exposure was related to increased AD and VaD risk. Some animal studies found that oxidative stress caused by ozone can induce the loss of brain repair in the hippocampus, which then affects memory and leads to AD occurrence [34, 35] . APOE gene regulates cholesterol/lipid metabolism and the 34 haplotype is a well-known risk factor of AD. This study found that both APOE 34 carriers and noncarriers with the highest tertile of PM 10 exposure have increased AD risk (AOR 5 3.50 and 4.24, respectively).
This study has some limitations. First, this study explored only two air pollutants: ozone and PM 10. This was done because there is more complete long-term data and they have been linked to different health outcomes in humans, for example, respiratory and cardiovascular disease and memory change in rats [35] . For example, PM 2.5 data from Taiwan EPA is available from 2005, which may be too short a period to explain its effects on dementia risk as the pathological evidence of AD tends to start a decade before the diagnosis. Because PM 10 and PM 2.5 have a high correlation (0.81) in our study, PM 10 may serve as a surrogate of PM 2.5 . In addition, it is not easy to keep track of the address of each participant for a long time. Therefore, it was assumed that these participants have lived in the same place for 12 to 14 years for estimating their exposure to air pollutants. Our study participants are quite old (average age is 79 years).
Because the average retirement age was around 55 years in 2005, most of the participants should have retired even though the exposure was estimated from 12 to 14 years ago. Therefore, we assumed that these participants tended to live in the same places after retirement compared with young people. Last, people who did not survive for 12 to 14 years did not have an opportunity to be counted, so our results have some survival bias.
This study has several strengths. First, different spatiotemporal mapping techniques, for example, inverse distance weighted, kriging, spline, and BME, have been used for predicting or estimating the exposure to air pollutants (PM 10 and PM 2.5 ) [24, 29, 36] . Also, this study used BME approach [24] , which estimated the distribution of the air pollutants via simultaneous consideration of the spatial and temporal variations compared with other approaches such as land-use regression [16] . In addition, previous studies assessed the association between air pollutants and cognitive impairment of which only a small portion of old people with cognitive impairment progress to AD [18] . Therefore, this study provides new findings on air pollutants and the risk of AD.
In summary, we observed a dose-response relationship between PM 10 and the risk of AD and small-vessel VaD, which has not been reported before. Future studies are warranted to explore the role of other air pollutants in the etiology of AD and VaD. Table 4 The association between air pollutants (PM 10 
